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FOREWORD 

An exploratory experimental and theo re t i ca l  invest igat ion of gaseous nuclear 
rocket technology i s  being conducted by the  United Aircraf t  Corporation Research 
Laboratories under Contract NASw-847 with the jo in t  AEC-NASA Space Nuclear Propulsion 
Office. The Technical Supervisor of t he  Contract f o r  NASA i s  Captain W. A. Yingling 
(USAF). Results of t h e  invest igat ion conducted during the  period between 
September 15, 1965 and September 15, 1966 are described i n  the following s i x  r epor t s  
( including the  present r e p o r t )  which comprise the required fourth Interim Summary 
Technical Report under t h e  Contract : 
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Theoretical  Invest igat ion of Radiant Heat Transfer 

i n  the  Fuel Region of a Gaseous Nuclear Rocket Engine 
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Theoretical Investigation of Radiant Heat Transfer 

in the Fuel Region of a Gaseous Nuclear Rocket Engine 

SUMMARY 

A series of calculations were made to determine temperature distributions in 
the fuel-containment region of gaseous nuclear rocket engines which are based on 
the transfer of energy by thermal radiation from the fuel to the propellant. 
Temperature distributions were determined for two sets of fuel opacities; the 
opacities in each of these sets were calculated fran an analytical heavy-atom 
model using two recent theoretical estimates of fie1 ionization potentials. 
temperatures near the centerline of the fuel-containment region were found to 
be high and relatively insensitive to changes in fuel opacity. 

The 
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INTRODUCTION 

A number of d i f fe ren t  gaseous nuclear rocket engine concepts have been pro- 
posed i n  which energy i s  t ransferred from the f’uel t o  the  propellant by thermal 
radiat ion:  f o r  example, the coaxial-flow reactor  described i n  Ref, 1 and the 
nuclear l i g h t  bulb reactor  described i n  Ref. 2. 
the  fuel-containment region of such engines i s  dependent upon the fue l  opacity 
charac te r i s t ics .  These opacity charac te r i s t ics  can be ana ly t ica l ly  determined 
using a heavy-atom model (described i n  R e f .  3) which requires ,  as a prerequis i te ,  
a knowledge of the ionizat ion poten t ia l s  of the  nuclear fue l .  To date ,  two 
independent theore t ica l  e s t i m t e s  of the  f i r s t  four ionizat ion poten t ia l s  of 
uranium have been made (Refs. 4 and 5 ) .  
following sect ions i s  t o  ascer ta in  the  e f f e c t  of f’uel opacity charac te r i s t ics ,  
determined using the heavy-atom model of Ref. 3 and the ionizat ion poten t ia l s  
reported i n  Refs. 4 and 5 ,  on the  temperature d i s t r ibu t ions  i n  the f’uel-contain- 
ment region of gaseous nuclear rocket engines of the type described i n  Refs. 1 
and 2. 

The temperature d i s t r ibu t ion  i n  

The object of the  study described i n  the 
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EFFECT OF CHANGES IN IONIZATION POTENTIAL ON SPECTRAL 

AND IQXN AELSORPTION PROPERTlES OF N U C L M  FUEL 

The spec t ra l  absorption coef f ic ien ts  and Rosseland mean opacity of nuclear 
f u e l  may be ana ly t ica l ly  estimated as a function of the wave number of the  incident 
rad ia t ion  by means of t h e  heavy-atom model described i n  R e f .  3. This heavy-atom 
model employs a set  of energy leve ls  with constant spacing f o r  each of four f u e l  
ionizat ion species. All bound-bound and bound-free t r ans i t i ons  are allowed. The 
s t rength  of each t r a n s i t i o n  is  described by an assumed o s c i l l a t o r  s t rength d i s t r i -  
bution function. The t o t a l  o s c i l l a t o r  strength from any specif ied energy l eve l  t o  
all other energy l eve l s  (bound-bound t r ans i t i ons )  and the  continuum (bound-free 
t r ans i t i on )  i s  assigned a value. of 2.0, The osc i l l a to r  s t rength f o r  any bound- 
free t r a n  i t i o n ,  based on a hydrogenic approximation, i s  assigned a value of 
8.2 x 10 . The r e s u l t s  of a study of the e f f ec t  of changes i n  various parameters 
used i n  the  heavy-atom model on the  spec t ra l  and mean absorptive propert ies  of 
nuclear f u e l  were reported i n  R e f .  6. These results demonstrated t h a t  the  
absorptive propert ies  estimated by means of the heavy-atom model are more sens i t ive  
t o  changes i n  t h e  ionizat ion poten t ia l s  assigned t o  the  fuel ionizat ion species 
than t o  other  input parameters required i n  the f u e l  model. 

-3 

Changes i n  the  magnitude of the  ionization po ten t i a l  assigned each of the 
fue l  ion iza t ion  species i n  the heavy-atom model alters t h e  predicted spec t ra l  
absorption coef f ic ien ts  and Rosseland m e a n  opacity f o r  th ree  reasons: 

1. 

2. 

3. 

By causing changes i n  the  composition i n  terms of various ionizat ion species 
and electrons.  
dens i ty  of e lectrons present and increases t h e  sum of the number dens i t ies  of 
atoms and ions present,  thereby increasing opacity. 

An increase i n  ionizat ion po ten t i a l  decreases the number 

By changing the  d i s t r ibu t ion  of o sc i l l a to r  s t rength  per u n i t  energy i n  the  
bound-bound spec t ra l  region. Such a change r e su l t i ng  from an increase i n  
ion iza t ion  poten t ia l  might either increase or  decrease the Rosseland mean 
opac i t y  . 
By changing the  threshold f o r  the bound-free t r ans i t i ons .  

number and the  corresponding opacity associated with the  bound-free portion 
of t h e  spectrum (s ince  the  wave number range of the bound-free portion of 
t h e  spectrum i s  reduced). 

An increase i n  
ionim.t.fnE p c t e ~ t i a l  ::ill iccresse z s c i l l s t o r  strer;gth per X L i l t  

Since more hea t  t r ans fe r  usual ly  occurs at  high wave numbers (corresponding t o  the  
bound-free por t ion  of t he  spectrum) than a t  l o w  wave numbers, an increase i n  
o s c i l l a t o r  s t rength  a t  high wave numbers resu l t s  i n  an increase i n  mean opacity. 
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The temperature distributions reported in later sections of this report are 
based on spectral and mean absorption results obtained using two sets of ionization 
potentials in the heavy-atom model. Typical spectral absorption coefficients for 
the nuclear fuel are given in Fig. 1 for a total pressure of 1000 atm and in Fig. 2 
for 100 atm at temperatures of 10,000, 50,000, and 100,000 K(18,000, ~O,OOO, and 
180,000 R). 
are based on fuel ionization potentials calculated at UAC (see Ref. 4), and those 
shown as dashed lines are for results based on fuel ionization potentials calcu- 
lated at the Los Alamos Scientific Laboratory (see Ref. 5). 
to note that the fuel ionization potentials used in Ref. 3 (6, 10, 18 and 28 ev), 
wh.ich were obtained by comparison with the measured ionization potentials of 
other high-atomic-weight atoms, are very close to those calculated in Ref. 5. 

In both figures spectral absorption coefficients shown as solid lines 

It is interesting 

Rosseland mean opacities were calculated using the ionization potentials 
reported in Refs. 4 and 5 and are given by Eq. (1): 

Typical results are shown in Fig. 3 for several pressures between 1 and 2000 atm 
and for temperatures between 10,000 K (18,000 R) and 100,000 K (180,000 R). The 
Rosseland mean opacity for nuclear fuel computed with UAC ionization potentials 
(Ref. 4) are higher at a l l  temperatures investigated than the corresponding 
Rosseland mean results based on the Los Alamos ionization potentials (Ref. 5). 
Typically, at a pressure of 100 atm, the ratio of the UAC mean opacity to Los 
Alamos mean opacity at a temperature of 10,000 K (18,000 R) is approximately 1.4 
vhile at 100,000 K (180,000 R), the ratio is approximately 5.4 (see Fig. 3). 
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. 
TEMPERATURE DISTRIBUTION IN FUEL-CONTAINMENT REGION 

The proper procedure f o r  ca l cu la t ing  t h e  temperature d i s t r i b u t i o n  i n  the fuel-  
containment region of gaseous nuclear rocket engines i n  which r ad ia t ion  i s  the  p r i -  
mry mode of energy t r a n s f e r  i s  d i f f e r e n t  f o r  d i f f e r e n t  ranges of o p t i c a l  thickness 
of t he  fuel-containment region. 
transparent,  t h e  temperature i n  the  fuel-containment region w i l l  be r e l a t i v e l y  
constant (assuming no convective loss of heat), and t h e  energy radiated from t h e  
edge of the fuel-containment region w i l l  be less than that f o r  black-body radiat ion 
a t  t h e  f u e l  temperature. According t o  Ref. 7, t he  e f f ec t ive  emissivity of a n  iso- 
thermal, r e l a t i v e l y  t ransparent  cylinder of gas i s  given approximtely as follows : 

I f  the fuel-containment region is  r e l a t i v e l y  

Since t h e  radius of t h e  fuel-containment region of gaseous nuclear rocket engines is 
r e l a t i v e l y  large (usual ly  30 cm or more), Eq. (2) i s  v a l i d  only f o r  values of Rosse- 
land mean opacity less than approximately 0.01 c m - l .  
that such l a w  f u e l  opac i t i e s  are encountered only f o r  very l o w  f u e l  pressures and 
very high f u e l  temperatures. 
nuclear rockets w i l l  lead t o  r e l a t i v e l y  high pressures, Eq. (2) i s  of l i t t l e  p rac t i -  
c a l  use. 

It can be seen from Fig. 3 

Because the  c r i t i c a l  mass requirements of gaseous 

Calculations t o  determine t h e  approximte temperature d i s t r i b u t i o n  i n  a r e l a -  
t i v e l y  opaque cylinder of gaseous nuclear f u e l  a r e  presented i n  Appendix I of 
R e f .  8. It w a s  assumed i n  Ref. 8 that t h e  opacity of t h e  nuclear f u e l  was inde- 
pendent of r ad ius  and that the heat generation rate per uni t  volume w a s  constant 
throughout t h e  cy l ind r i ca l  f u e l  region. 
that t h e  temperature at  t h e  cen te r l ine  of t h e  fuel-containment region might be two 
or more times t h e  temperature a t  the  outside edge of t h e  fuel-containment region. 
However, because of the rapid v a r i a t i o n  of f u e l  opacity with temperature (see Fig. 3 ) ,  
it is d i f f i c u l t  t o  choose an average value of f u e l  opacity t o  employ with t h e  results 
of R e f .  8. 

The r e s u l t s  of these calculat ions indicated 

New ca lcu la t ions  of t he  temperature d i s t r i b u t i o n  i n  t h e  fuel-containment region -.- IyL.uc vnv  __.& UII.aU sf the pmcediwes of Ref. 8. The first of these 
r ev i s ions  c o n s i s t s  of permitt ing t h e  Rosseland mean opacity t o  vary as a function of 
t h e  local temperature i n  t h e  fuel-containment region r a the r  than assuming a constant 
value as i n  Ref .  8. The second revis ion consis ts  of assuming t h a t  t he  heat c r ea t ion  
rate per un i t  volume is  proportional t o  the  l o c a l  f u e l  densi ty  r a the r  than being 
independent of radius  as i n  Ref. 8. 
equation : 

ko-rn keen made , . - 4 - -  C7.n * . e q r i e 4 n n o  

The second assumption leads t o  the following 

5 



The l e f t  s ide  of Eq. (3) represents the energy created per un i t  volume per un i t  time, 
with the quant i ty  E being proportional t o  neutron f lux .  The r i g h t  s i d e  of Eq. (3) 
represents t he  change i n  heat f l u x  with r a d i a l  posi t ion as indicated by t h e  d i f fu -  
s ion equation. I n  obtaining solutions t o  Eq. (3), t he  fuel-containment region i s  
taken t o  be a long, hollow cylinder as shown i n  Fig. 4. The temperature and heat 
flux a r e  specif ied a t  the outside edge of the f u e l  region. I n  addition, the tem- 
perature gradient i s  taken as zero a t  the inside edge of the f u e l  region which is  
assumed t o  have a r a d i u s  equal t o  0 . 1 t i m e s  the  radius a t  the outside edge of t he  
fuel-contaim-ent region. 
of the fuel-containment region, t he  temperature a t  t h i s  s t a t i o n  is  equal t o  t h e  
center l ine temperature. 
region (i .e. ,  the presence of hydrogen propellant,  which w i l l ,  t o  some extent,  d i f -  
fuse i n t o  the fuel-containment region, i s  neglected). 

Since there  i s  no heat generation inside t h e  inside edge 

All calculat ions assume pure f u e l  i n  t h e  fuel-containment 

I n  most cases calculated f o r  high f u e l  pressures, t he  temperature gradient a t  
the  outside edge of t h e  fuel-containment region has been found t o  be extremely large.  
A simple expression f o r  this temperature gradient can be obtained as follows f o r  t he  
case i n  which the heat f l u  u t  the edge of t he  fuel-containment region is equal t o  
black-body heat f l u x  f o r  t he  temperature a t  the  edge of t he  fuel-containment region. 
Black-body heat f l u  i s  given by t h e  following equation: 

0 = c T64 
60, 

According t o  t h e  diffusion equation, 

Q6 = - -  
6 3 

Therefore, t he  temperature gradient a t  t he  edge of t h e  f u e l  i s  given by 

(4) 

( 5 )  

Temperature gradients a t  the edge of t h e  fuel-containment region calculated using 
Eq. (6) and the opacity information developed using the  Los Alamos ion iza t ion  poten- 
t ials (see Fig. 3) a r e  shown i n  Fig. 5 .  Although the temperature gradient i s  sml l  
a t  l o w  pressures and high temperatures, extremely l a r g e  temperature gradients a r e  
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obtained a t  low temperatures and high pressures. 
proportional t o  Rosseland mean opacity, temperature gradients  determined using 
opaci t ies  calculated from UAC ionizat ion potent ia ls  would be higher than those shuwn 
i n  Fig. 5 and determined using opaci t ies  calculated from h s  Alamos ionizat ion poten- 
tials (see Fig. 3 ) .  

Since t h e  temperature gradient is 

Four t y p i c a l  temperature d i s t r ibu t ions  i n  the f uel-containment region c a l c u b t e d  
from Eq. (3), two f o r  each s e t  of ionizat ion potent ia ls ,  a r e  given i n  Fig. 6 .  
each of these temperature d i s t r ibu t ions ,  t h e  pressure was assumed t o  be 10 atm, the  
radius  of t he  fuel-containment region was assumed t o  be 10 f t ,  and t h e  heat f l u x  at  
the edge of t he  fuel-containment region was aesuned t o  be 1.23 x 10 6 Btu/sec-ft2 

(black-body heat flux f o r  a temperature of 40,000 R). Two calculat ions were made 
f o r  each s e t  of ionizat ion potent ia ls ;  it was assumed i n  one ca l cu la t ion  t h a t  t he  
temperature a t  t h e  edge of the fuel-containment region was equal t o  the black-body 
temperature corresponding t o  t h e  assumed heat f l ux  (40,000 R ) ,  while i n  the second 
ca l cu la t ion  t h i s  temperature was assumed t o  be 60,000 R. 
difference i n  assumed temperature a t  t h e  outside edge of t he  fuel-containment region 
makes almost no difference i n  the  temperature d i s t r i b u t i o n  inside a radiue of 95 
percent of t h e  radius of t h e  fuel-containment region. 
high temperature gradients indicated i n  Fig. 5 and t h e  rapid change of r ad ia t ion  
thermal conductivity with temperature due both t o  the change of Roseeland mean 
opacity with temperature indicated i n  Fig. 3 and the  T3 term i n  the  diffueion equa- 
t i o n ,  

For 

It can be seen that t h e  

This r e s u l t  stems from t h e  

The so lu t ions  presented i n  Fig. 6 were obtained wing a computing machine pro- 
gram i n  which 1000 i n t e r v a l s  were employed between t h e  in s ide  and outside edges of 
t h e  fuel-containment region. 
answers f o r  some calculat ions i n  which t h e  temperature gradient at the edge of t he  
fuel-containment region was extremely high (see Fig. 5 ) .  
temperature gradient l e d  t o  an u n r e a l i s t i c a l l y  high temperature r i s e  i n  the first 
ca l cu la t ion  s t e p  even though the  radius  i n t e r v a l  was only 10-3 times t h e  f u e l  region 
radius.  In  such instances,  t he  calculat ions were rerun using a higher assumed tem- 
perature  a t  t h e  outside edge of t h e  fuel-containment region. Such an assumed change 
i n  temperature w i l l  have almost no e f f ec t  on t h e  t r u e  temperature d i s t r i b u t i o n  m e r  
most of t h e  fuel-region volume as indicated by t h e  r e s u l t s  shown i n  Fig. 6. 

This machine calculat ion program gave Inconsistent 

For such cases, t h e  s t eep  

Resul ts  such as those ehown i n  Fie. 6 can be generalized on t h e  basis of t he  
fnllming reaeoning. 
pressure,  a given heat f lw at  t h e  edge of the f u e l  region, and a given f u e l  radius. 
Consider a l s o  a second temperature d i s t r ibu t ion  which has t he  same temperature 
v a r i a t i o n  wi th  r/rb as t he  first temperature d i s t r i b u t i o n  and t h e  same f u e l  pressure, 
but 8 f u e l  radius ,  r e ,  equal t o  G times the  f u e l  radius  i n  t h e  first temperature 
d i s t r i b u t i o n .  The temperature gradients and, by the  diffusion approximation, t he  
heat  f l u e s  i n  t h e  second temperature d i e t r ibu t ion  w i l l  be 1/G times those i n  t h e  
first temperature d i s t r i b u t i o n .  

Coneider a temperature-vs-radius solut ion f o r  a given f u e l  

Thus the to ta l  heat f l o w  (equal t o  the  product of 
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circumference and. heat f l u x )  a t  any given value of r/r6 w i l l  be t h e  ~ z m e  f o r  t h e  
two temperature d i s t r i b u t i o n s .  
w i l l  be propor t iona l  t o  t h e  amount of f u e l  i n s i d e  of a given value of r / r6 , but  
t h e  p r o p o r t i o n a l i t y  f a c t o r  which d e s c r i b e s  neutron f l u x  ( E  i n  Eq. (3 ) )  w i l l  be 1/G2 
t imes 6 s  g r e a t  f o r  t h e  second temperature d i s t r i b u t i o n  as t h e  f irst  ( i . e . ,  Eq. (3) 
w i l l .  be s a t i s f i e d  f o r  both temperature d i s t r i b u t i o n s ) .  Thus t h e  dimensionless tem- 
pera ture  d i s t r i b u t i o n  ( T  v s  r / r6  ) a t  a given pressure  i s  determined by spec i fy ing  
on ly  t h e  heat  t r a n s f e r  rate per  u n i t  l e n g t h  of f u e l  cy l inder ,  277r6Q6. Since t h i s  
result r e l i e s  on arguments involving t h e  d i f f u s i o n  approximation, it i s  v a l i d  only  
when t h e  d i f f u s i o n  appi-oximation i s  v a l i d ,  which r e q u i r e s  approximately that t h e  
hea t  f l u x  at, t h e  edge of t h e  f u e l  reg ion  be less t h a n  black-body heat flux a t  t h e  
temperfiture a t  t h e  edg? of t h e  f u e l  region.  

The heat  flow i n  both temperature d i s t r i b u t i o n s  

Resul t s  of c a l c u l a t i o n s  similar t o  those  whose r e s u l t s  are i l l u s t r a t e d  i n  Fig.  6 
are givcn i n  Figs.  7 through 14. The temperature a t  t h e  c e n t e r l i n e  ( i n s i d e  edge of 
t h e  fuel-containmenf, reg ion) ,  c a l c u l a t e d  w i n g  t h e  Los Alamos i o n i z a t i o n  p o t e n t i a l s ,  
i s  p l o t t e d  a:; a func t ion  of heat  t r a n s f e r  rate per u n i t  l e n g t h  i n  Figs .  7 and 8 f o r  
va lues  of T, less than and g r e a t e r  t h a n  100,000 R, r e s p e c t i v e l y .  The r e s u l t s  of 
similar c a l c u l a t i o n s  using t h e  UAC i o n i z a t i o n  p o t e n t i a l s  a r e  shown i n  F igs .  9 and LO. 
The average d e n s i t y  w i t h i n  t h e  fuel-contairiment region,  c a l c u l a t e d  using t h e  Los 
Alamnos i o n i z a t i o n  p o t e n t i a l s ,  i s  s h o m  as a f u n c t i o n  of heat  t r a n s f e r  rate per u n i t  
l e n g t h  i n  Figs. 11 and .I2 f o r  average f u e l  d e n s i t i e s  less than  and g r e a t e r  t h a n  
gm/cm3, r e s p w t i v e l y .  Average f u e l  d e n s i t i e s  c a l c u l a t e d  using t h e  UAC i o n i z a t i o n  
p o t e n t i a l s  are shown i n  Figs .  13 and 14.  The i n f l u e n c e  of t h e  two d i f f e r e n t  s e t s  of 
i o n i z a t i o n  p o t e n t i a l s  on t h e  v a r i a t i o n  w i t h  pressure  of f u e l  c e n t e r l i n e  temperatures  
arid average f u e l  d e n s i t i e s  i s  shown more d i r e c t l y  i n  F igs .  1 5  and 16. 
a comparison of t h e  e f f e c t  of average f u e l  d e n s i t y  on f u e l  c e n t e r l i n e  temperatures  
for  t h e  two se%a of i o n i z a t i o n  p o t e n t i a l s  i s  i l l u s t r a t e d  i n  F ig .  17. It may be 
noted t h a t ,  a l though the  o p a c i t i e s  c a l c u l a t e d  from t h e  two s e t s  of i o n i z a t j o n  poten- 
t ia ls  a r e  considerably d i f f e r e n t ,  t h e  ca lcu la ted  va lues  of f u e l  c e n t e r l i n e  tempera- 
t u r e s  axe  f a i r l y  C I O R ~  at a givcn average f u e l  d e n s i t y  and hea t  t r a n s f e r  rate per  
unit lerigth a t  t h e  edge of t h e  fuel-containment reg ion .  

I n  a d d i t i o n ,  

The use of tile results shown i n  F ig .  .16 and 17 can be i l l u s t r a t e d  by t h e  fol low- 
i n g  exmgle .  
a diemeter of 1.0 meter (3.28 f t )  and a l e n g t h  of 3.0 meters (9.83 f t ) .  
t he  t o t a l  power t o  be rudia';ed from t h e  c y l i n d r i c a l  sur face  of , the  f u e l  r e g i o n  (ne- 
glect i r lg  axial. r a d i a t i o n  froni. the ends) i s  10,000 t~ (9.5 x lo6 M;u/sec). 
t h a t  t h e  neutron moderator surrounding t h e  f uel-containment reg ion  rcsuI . ts  i n  t h e  
reqLdreroent of 10 kg of nuc lear  fuel -to Since t h e  volume of 
t h e  fueL-contaimr,ent region i s  2.35 x lo' cm3, t h e  r e q u i r e d  average c r i t i c a l  f u e l  

heat  transfer r a t e  per u n i t  3.ength of f u e l  c y l i n d e r  i s  (9.5 x lo6 Rtu/sec) / (g .83 f t )  
= 0.968 x 10 Etu/soc-f t .  
fuel. pressures  of .L]-O and 195 a t m  IGj.ilg t h e  Los AJ-amos arid UAC i o n i z a t i o n  p o t e n t i a l s ,  

Consider a gaseous nuclear  r o c k e t  engine w i t h  a f u e l  cyl-inder having 
Assume that 

Assume alsc 

chieve c r i t i c a l i t y .  

d e n s i t y  i s  (10 4 gm)/(2.35 :K 10 6 cm 3 .  ) = 4.25 x 10-3 grn/cm-? = 0.265 lb / f t3 .  Also the  

6 .  Enter ing  Fig.  16 w i t h  these q u a n t i t i e s  Leads t o  r e q u i r e d  

8 



a 

respectively.  
93,000 R using t h e  Los Alamos and UAC ionization po ten t i a l s ,  respect ively.  Since 
it w i l l  be impossible t o  prevent the diffusion of some foreign gas (hydrogen pro- 
pe l l an t  i n  t h e  concept of Ref. 1 or buffer gas i n  t h e  concept of Ref. 2) i n t o  the  
fuel-containment region, t h e  t o t a l  gas pressure m u s t  be g rea t e r  than t h a t  due t o  
the  f u e l  alone. 
alone and result i n  a n  increase i n  cer;terl ine temperature. However, t h i s  l a t t e r  
e f f e c t  should be small since the opacity of gases such as hydrogen i s  much less than 
t h a t  of nuclear f u e l  at t h e  same temperature and pressure (Ref. 3). 

Entering Fig. 17 leads t o  center l ine temperatures of 81,000 and 

Also t h e  foreign gas w i l l  r a i s e  the opacity above that of t he  f u e l  

9 
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LIST OF SYMBOLS 

* 
0, Spectral  absorption coe f f i c i en t  with st imulated emission included, 

c m - 1  

O R  Rosseland mean opacity, cm-l 

G 

P 

0 

Q6 

Q6BB 

r 

r 6  

T 

E 

w 

Factor used i n  discussion i n  t e x t  

Pressure, a t m  

Radiant heat flux, Btu/sec-ft2 

Radiant heat f l ux  at edge of fuel-containment region, Btu/sec-ft2 

Black-body heat flux f o r  temperature equal t o  temperature at edge of 
f uel-c ontainme n t  region, Btu/sec - f t2 

Distance from cen te r l ine  of cy l ind r i ca l  f u e l  region, f t  or cm 

Radius of fuel-containment region, f t  o r  cm 

Temperature, deg R o r  deg K 

Energy generation r a t e  i n  fue l ,  Btu/lb-sec 

Fuel density,  l b / f t 3  

Average f u e l  densi ty  within f u e l  cylinder,  l b / f t 3  

Stephan Boltzmnn constant, 0.48 x lo'= Btu/sec-ft2-(deg R ) 4  

Wave number, cm'l 
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FIG. I 
COMPARISON OF THE EFFECT OF WAVE NUMBER ON THE 

SPECTRAL ABSOR PTlON COEFFICIENT OF NUCLEAR FUEL FOR 
DIFFERENT IONIZATION POTENTIALS USED IN THE HEAVY- ATOM 
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FIG. 2 
COMPARISON OF THE EFFECT OF WAVE NUMBER ON THE 

SPECTRAL ABSORPTION COEFFICIENT OF NUCLEAR FUEL FOR 
DIFFERENT IONIZATION POTENTIALS USED IN THE HEAVY -ATOM 
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FIG. 3 
COMPARISON OF THE EFFECT OF TEMPERATURE ON THE 

ROSSELAND MEAN OPACITY OF NUCLEAR FUEL FOR DIFFERENT 
IONIZATION POTENTIALS USED IN THE HEAVY -ATOM MODEL 
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FIG. 4 

SKETCH OF FUEL CYLINDER USED 
IN TEMPERATURE DISTRIBUTION CALCULATIONS 

FUEL PRESSURE ASSUMED CONSTANT BETWEEN re AND r, 

LOCAL HEAT GENERATION RATE PER UNIT VOLUME ASSUMED PROPORTIONAL 
TO LOCAL FUEL DENSITY ( 1.0 . CONSTANT NEUTRON FLUX 1 
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FIG. 5 

TEMPERATURE GRADIENT AT EDGE OF FUEL CYLINDER FOR CASE 
IN W H I C H  
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FIG. 6 
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FIG. 8 
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FIG.  I O  
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FIG 12 
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FIG.  13 
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FIG. 14 
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FIG. I5 
COMPARISON OF THE EFFECT OF PRESSURE ON FUEL CENTERLINE 

TEMPERATURES FOR DIFFERENT IONIZATION POTENTIALS USED 
IN THE HEAVY - ATOM MODEL 
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FIG. I6 

CURVE 

COMPARISON OF THE EFFECT OF PRESSURE ON AVERAGE 
FUEL DENSITIES FOR DIFFERENT IONIZATION POTENTIALS 

USED IN THE HEAVY-ATOM MODEL 
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